The peptide transmitter N-acetylaspartylglutamate (NAAG) and its receptor, the type 3 metabotropic glutamate receptor (mGluR3, GRM3), are prevalent and widely distributed in the mammalian nervous system. Drugs that inhibit the inactivation of synaptically released NAAG have procognitive activity in object recognition and other behavioral models. These inhibitors also reverse cognitive deficits in animal models of clinical disorders. Antagonists of mGluR3 block these actions and mice that are null mutant for this receptor are insensitive to the actions of these procognitive drugs. A positive allosteric modulator of this receptor also has procognitive activity. While some data suggest that drugs acting on mGluR3 achieve their procognitive action by increasing arousal during acquisition training, exploration of the procognitive efficacy of NAAG is in its early stages and thus substantial opportunities exist to define the breadth and nature of this activity.
Introduction
N-acetylaspartylglutamate (NAAG) is the third most prevalent and widely distributed neurotransmitter in the mammalian nervous system (Neale et al., , 2011 . Following synaptic release ( Fig. 1) , NAAG is inactivated by a glial enzyme, glutamate carboxypeptidase II (GCPII) (Bzdega et al., 1997; Slusher et al., 1990) . Among its established functions, NAAG activates the presynaptic type 3 (mGluR3, GRM3) metabotropic glutamate receptor (see Reiner & Levitz, 2018 for review of mGluRs) to inhibit subsequent release of its co-transmitters, including glutamate (Nonaka et al., 2017; Olszewski, Bzdega, & Neale, 2012; Romei, Raiteri, & Raiteri, 2013; Zhong et al., 2006; Zuo, Bzdega, Olszewski, Moffett, & Neale, 2012) . Inhibitors of GCPII reduce the rate of inactivation of NAAG and elevate the extracellular concentration of this peptide (Zhong et al., 2006; Zuo et al., 2012) . These GCPII inhibitors are effective in animal models of inflammatory pain (Nonaka et al., 2017) , stroke (Slusher et al., 1999) , traumatic brain injury (Gao et al., 2015; Zhong et al., 2005) and schizophrenia (Olszewski et al., 2004 (Olszewski et al., , 2008 Olszewski, Janczura, et al., 2012; Olszewski, Bzdega, et al., 2012) . In the pain, brain injury and schizophrenia studies, these actions are blocked by the heterotropic group II (mGluR2/3) receptor antagonist LY341495. Drugs that act as heterotropic agonists at these group II receptors have been inconsistent with respect to their procognitive effects (Daumas, Ceccom, Halley, Francés, & Lassalle, 2009; Jones, Brown, Auer, & Fone, 2010; Sato et al., 2004; Spinelli et al., 2005) . In contrast, inhibitors of the inactivation of extra-synaptic NAAG elicit procognitive actions in animal models and these actions are blocked by the mGluR2/3 antagonist (Janczura et al., 2013; Olszewski, Janczura, et al., 2012) .
Procognitive actions of NAAG via glutamate carboxypeptidase inhibitors
The procognitive effects of NAAG have been assayed using the Novel Object Recognition Test. In this test, mice are presented with two identical objects during the acquisition trial and tested 1.5 h (short-term memory) or one day (long-term memory) later with one of the original objects and one novel object (Antunes & Biala, 2012) . Memory of the original object is determined by the extent to which the mice explore the novel object relative to the familiar object in the retention trial. Mice tested for novel object recognition have substantial short-term recall of the novel object when tested within a few hours of acquisition but lack significant long-term memory of the novel object 24 h or more later (Antunes & Biala, 2012) . However, treatment of mice with a GCPII inhibitor 15 min prior to the acquisition trial results in novel object recognition at the 24 h test point (Janczura et al., 2013) . Similarly, untreated mice in which the GCPII gene had been deleted demonstrate good retention in the long-term novel object recognition while their control colony mates do not (Janczura et al., 2013) . The mechanism of action of this procognitive effect was tested in mice that were null mutant for mGluR2 or mGluR3 (Fig. 2 , Olszewski et al., 2017) . Mice lacking mGluR2 responded to GCPII inhibitors (ZJ43 and 2-PMPA) with a significantly increased level of recall after 24 h while the inhibitor had no procognitive activity in mice lacking mGluR3. Since these inhibitors lacked direct activity at mGluR3 (Olszewski et al., 2004; Yamamoto et al., 2007) , these data support the conclusion that this procognitive action of the peptidase inhibitor is mediated via NAAG activation of mGluR3.
While mice typically have substantial short-term novel object recall when tested 1.5 h. after acquisition (Fahlström, Yu, & Ulfhake, 2011) , this cognitive function is substantially blocked in animal models of schizophrenia and alcohol intoxication. In mice, the open channel NMDA receptor antagonists MK801 and PCP induce schizophrenia-like behaviors including cognitive deficits (Olszewski et al., 2004; Olszewski, Janczura, et al., 2012) . GCPII inhibitors significantly reduce behaviors induced by these drugs in control mice and in mice lacking mGluR2 but not in mice lacking mGluR3 (Olszewski, Bzdega, et al., 2012) again consistent with the role of NAAG as an mGluR3 agonist. Pretreatment of mice with GCPII inhibitors reverses MK801-induced loss of short-term novel object recognition (Olszewski, Janczura, et al., 2012) . Similarly, GCPII inhibition as well as a heterotropic mGluR/3 agonist restores short-term object recognition in mice treated with intoxicating doses (2.3 g/l) of ethanol (Olszewski et al., 2017) . In this clinical model, the GCPII inhibitors also moderate the loss of motor coordination.
Triple transgenic Alzheimer's disease model mice perform well in short-term novel object recognition at 8 weeks but not at 5 and 9 months of age in contrast to non transgenic colony mates that perform well on this test as late as 22 months of age (Webster, Bachstetter, & Van Eldik, 2013) . Pretreatment of the 9 month-old Alzheimer's model mice with a GCPII inhibitor immediately before testing significantly improves short-term novel object recognition (Olszewski et al., 2017) .
A GCPII inhibitor also was tested in an EAE model of Multiple Sclerosis (Hollinger, Alt, Riehm, & Kaplin, 2016) . The drug was given daily for two weeks and found to have no significant effects on the degenerative elements of the model. However, the inhibitor treatment did rescue the EAE induced deficits in the Barnes maze test in a dose dependent manner. Since the last dose of the drug was given just before the onset of behavioral testing, it is unclear if its procognitive efficacy was due to the long-term treatment or to the effects of the most proximate dose.
It is possible that GCPII inhibitors acted via different mechanisms in these studies. Their efficacy in increasing long-term memory in control Fig. 1 . NAAG as a peptide co-transmitter. In this figure, NAAG is co-released with a primary amine transmitter, such as glutamate, under conditions of elevated neuronal activity. NAAG is released into the perisynaptic space where it activates presynaptic and glial type 3 metabotropic glutamate receptors (mGluR3). NAAG is inactivated by glutamate carboxypeptidases II (GCPII) and III (GCPIII), forming N-acetylaspartate (NAA) and glutamate (Glu), which are rapidly transported into glial cells. Inhibition of these peptidases by a NAAG peptidase inhibitor, such as ZJ43, reduces inactivation of NAAG and increaases perisynaptic NAAG levels. In animal models, the NAAG peptidase inhibitormediated elevation of peptide levels increases the activation of mGluR3 receptors on axon endings, reducing subsequent transmitter release. The consequences of NAAG activation of mGluR3 receptors on glial cells have not been well established beyond the observation that NAAG inhibits adenylate cyclase and stimulates the release of transforming growth factor β (TGF-β). . Long-term novel object recognition memory test in mGluR2 and mGluR3 KO mice. During the acquisition session, mice were individually placed in a chamber for 10 min with two identical objects and the amount of time exploring each object was recorded. In the recognition session 24 hr after acquisition, mice were returned to the chamber with one of the original objects and a novel object. For the acquisition session, the recognition index (RI) was calculated as [time exploring one of the objects/the time exploring both objects] × 100. For the recognition session, the RI was calculated as [time exploring the novel object/the time exploring both the familiar and novel object] × 100. During the acquisition phase, mice explored each of the two identical objects about the same amount of time (recognition index ∼ 50). During the recognition phase 24 h later, the mGluR2 KO mice (m2ko) treated with saline explored the novel and familiar object similar amounts of time while those treated with 2-PMPA (100 mg/kg) or ZJ43 (150 mg/kg) explored the novel object twice as often as the original object (recognition index ∼ 70). The NAAG peptidase inhibitors had no procognitive effect in the mGluR3 ko mice (m3ko) supporting the conclusion that NAAG acts via mGluR3. ***p < 0.001 for comparison between acquisition session and recognition session within treatment group. mice and short term memory in the Alzheimer's Disease model mice might involve increased attention during acquisition trials. Consistent with this, a heterotropic group II agonist increased attention and working memory in monkeys (Spinelli et al., 2005) . Alternatively, the inhibitors might act directly on cellular mechanisms underlying shortand long-term memory formation. Given differences in the cellular mechanisms underlying these processes, such as the role of protein synthesis the long-term but not the short term phase of LTP (Allen et al., 2018) and long-term but not short term memory formation (Neale, Klinger, & Agranoff, 1973) , it would seem unlikely that one drug would act directly on the cellular mechanisms underlying both. In the ethanol and schizophrenia models, the GCPII inhibition inhibitors also had positive effects on non-cognitive elements of the models (Olszewski et al., 2004 (Olszewski et al., , 2017 Olszewski, Janczura, et al., 2012) . As a result, it could be that in these studies the inhibitors increased cognition by moderating the mechanisms of action of the drugs that underly these models.
Group II metabotropic receptor agonists and allosteric modulators
Behavioral studies using heterotropic group II mGluR agonists and antagonists have not provided a consistent picture of the role of these receptors in cognition. The group II antagonist, LY342495, reduced acquisition in the novel object recognition test (Barker, Bashir, Brown, and Warburton, 2006) . In another study, a high dose of the antagonist reduced performance in the novel object recognition test while a lower dose not affect initial recall but rather decreased extinction of the memory (Pitsikas, Kaffe, & Markou, 2012) . Chronic treatment with a group II mGluR antagonist also reduced cognition in a spatial memory test (Altinbilek & Manahan-Vaughan, 2009) . Consistent with these studies, the group II agonist, LY379268, reversed social isolation-induced recognition memory deficits (Jones et al., 2010) . In contrast: the group II agonist, LY354740, reduced attention and working memory in monkeys (Spinelli et al., 2005) ; the group II agonist, DCG-IV, and antagonist, LY341495, both impaired memory in a passive avoidance task (Sato et al., 2004) ; DCG-IV similarly impaired contextual fear memory consolidation when injected into the hippocampus (Daumas et al., 2009) .
Data from group II receptor deletion studies support a role for these receptors in cognition. mGluR2 null mutant mice exhibited deficits in the rewarded alternation elevated T-maze test, while mice lacking mGluR3 were impaired initially but improved in the course of the retention test (Bishop et al., 2015; De Filippis et al., 2015) . The deletion of both group II receptors negatively affected a series of appetitively motivated learning paradigms but failed to affect aversely motivated special learning tasks, a result suggesting that the procognitive role of one or both receptors is mediated by increasing attention or arousal during acquisition trials (Lyon et al., 2011) . A difficulty in interpreting the data from such gene deletion studies derives from the potential of structurally related receptors to compensate for the loss of each other.
Consistent with data on the efficacy of NAAG/mGluR3 mediated increases in cognition described above, treatment of mice with a mGluR3 selective negative allosteric modulator resulted in impaired learning in a medial prefrontal cortex dependent fear extinction task (Walker et al., 2015) . Additional, albeit indirect, support for the involvement of mGluR3 in human cognition comes from studies that established a correlation between polymorphisms in the mGluR3 gene with deficits in cognition as well as with schizophrenia (Egan et al., 2004) . Complex pharmacological relationships also have been deduced among polymorphisms in this gene and deficits in cognition and response to antipsychotic drugs (Bishop et al., 2015) .
Mechanisms of action
Like many peptide transmitters, NAAG appears to be released when neuronal circuits are activated at high levels. One consequence is the activation of presynaptic autoreceptors with the consequent reduction in calcium-dependent transmitter release, a mechanism that would extend the dynamic range of the circuit. That is, as the activity rises within a circuit, the increasing co-release of NAAG gradually dampens the release of the primary transmitter resulting in an expansion of the upper range of circuit activity before the pre-and/or post-synaptic responses reach maximum capacity. Consistent with this model, NAAGmediated inhibition of transmitter release has been confirmed in vivo in animal models of stroke, traumatic brain injury, inflammatory pain and schizophrenia (Nonaka et al., 2017; Slusher et al., 1990; Zhong et al., 2006; Zuo et al., 2012) .
While mGluR3 receptors and heterotropic mGluR2/mGluR3 receptors are found on presynaptic terminals in spinal cord and cortex, respectively (Di Prisco et al., 2016; Olivero et al., 2017) , NAAG also could act procognitively via postsynaptic mGluR3 receptors. Data supporting this hypothesis derives from a study in the primate dorsolateral prefrontal cortex, a region involved in processing working memory (Jin et al., 2018) . In this study, NAAG and a GCPII inhibitor independently stimulated cortical Delay cell firing during a working memory task via inhibition of a cAMP-mediated pathway.
At the cellular level, NAAG activation of mGluR3 results in reduced levels of cAMP and cGMP in neurons and astrocytes (Wroblewska et al., 1998 (Wroblewska et al., , 2006 . Consistent with the role of cAMP in mediating long-term potentiation in the dentate gyrus, NAAG blocked long-term potentiation at this synapse via presynaptic mGluR3 activation (Lea, Wroblewska, Sarvey, & Neale, 2001; Pöschel, Wroblewska, Heinemann, & ManahanVaughan, 2005) . Conversely, a mGluR3 antagonist blocked long-term depression in the dentate gyrus (Pöschel et al., 2005 ) while a mGluR3 negative allosteric modulator blocked long-term depression in the medial prefrontal cortex (Walker et al., 2015) . NAAG also acts as an antagonist at a subset of hippocampal NMDA receptors that are pH dependent (Khacho, Wang, Ahlskog, Hristova, & Bergeron, 2015) while it fails to affect NMDA receptors more broadly (Losi, Vicini, & Neale, 2004) . A role for NAAG at NMDA receptors has not been explored with respect to cognition. Given the positive role of NMDA receptors in plasticity, including LTP, it is difficult to see how antagonism at hippocampal NMDA receptors would mediate a procognitive action.
Considering the breadth of brain circuits involved in attention and object recognition memory together with the widespread distribution of NAAG and mGluR3, dissection of the precise locus of action of the peptide in cognitive processes will be demanding and likely to depend on the model of cognition being tested. From the pharmacological prospective, such analyses will be advanced by the development of mGluR3 selective agonists and antagonists and yet be complicated by the tendency of metabotropic glutamate receptors to form mGluR heterodimers (Levitz et al., 2016) and to intimately associate with other metabotropic transmitters (Møller et al., 2018; Olivero et al., 2018) .
Future research
Assessment of the behavioral characteristics and cellular mechanisms underlying of the apparent procognitive effects of NAAG peptidase inhibition will benefit from: (1) testing the efficacy of GCPII inhibition in studies that discriminate between attention and memory consolidation, (2) testing these inhibitors in models of different types of memory, (3) testing GCPII, mGluR2 and mGluR3 null mutant mice in the above studies, (4) application of GCPII, mGluR2 and mGluR3 knock-down methods, GCPII inhibitors and mGluR selective allosteric modulators in discrete brain regions associated with attention, learning and memory, analogous to studies of these drugs in pain pathways (Nonaka et al., 2017) , (5) positive results from the prior studies would support assessment within relevant brain regions of the cellular consequences of mGluR activation that mediate procognitive responses.
Conclusion
A series of object recognition studies have demonstrated the procognitive effect of drugs that inhibit the NAAG inactivating enzyme, glutamate carboxypeptidase II. Extensive biochemical, pharmacologic and gene deletion studies support the conclusion that this effect is mediated by NAAG activation of mGluR3. Considerable opportunities exist to define the broader impact of NAAG and glutamate carboxypeptidase inhibitors on learning, memory consolidation and attention.
